Long-term depression (LTD) is a key form of synaptic plasticity important in learning and information storage in the brain. It has been studied in various cortical regions, including the anterior cingulate cortex (ACC). ACC is a crucial cortical region involved in such emotion-related physiological and pathological conditions as fear memory and chronic pain. In the present study, we used a multielectrode array system to map cingulate LTD in a spatiotemporal manner within the ACC. We found that low-frequency stimulation (1 Hz, 15 min) applied onto deep layer V induced LTD in layers II/III and layers V/VI. Cingulate LTD requires activation of metabotropic glutamate receptors (mGluRs), while L-type voltage-gated calcium channels and NMDA receptors also contribute to its induction. Peripheral amputation of the distal tail impaired ACC LTD, an effect that persisted for at least 2 weeks. The loss of LTD was rescued by priming ACC slices with activation of mGluR1 receptors by coapplying (RS)-3,5-dihydroxyphenylglycine and MPEP, a form of metaplasticity that involved the activation of protein kinase C. Our results provide in vitro evidence of the spatiotemporal properties of ACC LTD in adult mice. We demonstrate that tail amputation causes LTD impairment within the ACC circuit and that this can be rescued by activation of mGluR1.
Introduction
Human and animal studies consistently demonstrate that neurons in the anterior cingulate cortex (ACC) play important roles in pain perception and chronic pain conditions (for review, see Vogt, 2005; Zhuo, 2008) . Brain imaging studies demonstrate that ACC and its related cortical areas are activated by acute nociceptive stimuli (Talbot et al., 1991; Craig et al., 1996; Rainville et al., 1997; Strigo et al., 2003; Dunckley et al., 2005) . ACC can be also activated during the empathy of pain, social rejection, and other psychological pain conditions (Eisenberger et al., 2003; Singer et al., 2004; de Tommaso et al., 2005) . ACC has been reported to be activated in different chronic pain conditions (Apkarian et al., 2005; Zhuo, 2008 Zhuo, , 2011 . Inactivation of the ACC, by surgical lesions or cell death caused by stroke, leads to the reduction of the unpleasantness of pain or reduced pain intensity (Pillay and Hassenbusch, 1992; Wong et al., 1997; Yen et al., 2005 Yen et al., , 2009 . Electrophysiological recording from human shows that many ACC neurons are indeed nociceptive (Hutchison et al., 1999) . Animal studies of the ACC not only confirm the importance of ACC in nociception (Vogt, 2005; Zhuo, 2008 Zhuo, , 2011 , but also reveal molecular mechanisms for chronic pain (Zhuo, 2006 (Zhuo, , 2008 . While peripheral injury triggers activity-dependent immediate early genes (Zhuo, 2006 (Zhuo, , 2011 and induces long-term potentiation (LTP) of excitatory synaptic responses in the ACC neurons (Wei and Zhuo, 2001; Xu et al., 2008) , inhibition or genetic deletion of key molecules required for triggering LTP produces analgesic effects in animal models of chronic pain (Wei et al., 2002; Wu et al., 2005b; Wang et al., 2011) . Recently, protein kinase M (PKM) has been identified as a key enzyme required to maintain such injury-related LTP (Li et al., 2010) .
In addition to LTP, long-term depression (LTD) has been also implicated in various brain functions (for review, see Bliss and Cooke, 2011) . Two major types of LTD have been discovered: NMDA receptor-dependent LTD and NMDA receptor-independent LTD [or metabotropic glutamate receptor-dependent LTD, (mGluR-LTD)]. These two forms of LTD are triggered by different induction protocols and underlie different physiological/ pathological functions , such as learning and memory (Manahan-Vaughan and Braunewell, 1999) , behavioral flexibility (Nicholls et al., 2008; Kim et al., 2011) , fragile X syndrome (Dölen et al., 2007) , and drug addiction (Brebner et al., 2005) . LTD has also been described in the ACC (Toyoda et al., 2005 (Toyoda et al., , 2007 . In adult rats with single-digit amputation, ACC LTD was impaired (Wei et al., 1999) . Spatial distribution of excitatory synaptic transmission in the ACC on a multielectrode array. A, Schematic diagram of an ACC slice placement on the MED64 probe, and the scale of the electrodes. The dark region in the slice is removed before recording. B, Light microscopy photograph showing ACC and the MED64 probe electrodes. The blue region is the ACC and the yellow circle is the electrode (Channel 37) that is stimulated. Example traces on the graph indicate the responses in the numbered period. C, Intensity-dependent fEPSPs (5-9 A) in one specific channel above the stimulation site (Channel 29). D, E, All channel fEPSPs when stimulating channel 37 (yellow lightning bolt) with 7 and 9 A. The number of channels exhibiting a response and the amplitude of the fEPSPs increased with raised stimulus intensities. The spreading of the fEPSPs displays the network in the ACC. F, The number of activated channels increased as the input intensity was raised (n ϭ 6 slices/3 mice). The effective intensity to induce 50% of the maximum (dashed line) was 7.4 A. The number of activated channels became saturated ϳ12 A.
In the present study, we used a 64-channel multielectrode dish (MED64) system, a two-dimensional electric activity monitoring device, to characterize LTD in adult mouse ACC. The MED64 system enabled us to detect the field EPSP (fEPSP) at multiple sites in mouse ACC, which is difficult to achieve with conventional field recording systems. We found that low-frequency stimulation induced mGluR-dependent LTD at the network level, and suggest the possible utility of targeting the mGluR1 for future treatment of patients with amputation-related pain.
Materials and Methods
Animals. Adult (8 -12-week-old) male C57BL/6 mice (Orient Bio) were used. All animals were housed under a 12 h light/dark cycle with food and water provided ad libitum. All works were conducted according to the policy and regulation for the care and use of laboratory animals approved by Institutional Animal Care and Use Committee at Seoul National University.
Amputation surgical procedure. C57BL/6 mice were gently anesthetized with isoflurane. Then a 2.5 cm length of the tail was removed (see Fig. 7A ). Locktight instant glue was used to stop bleeding. For sham surgery mice, only the anesthesia procedure was carried out. Two weeks later, all mice were killed for the preparation of brain slices.
Brain slice preparation. Adult male mice were anesthetized with isoflurane and the brains were removed and transferred to icecold artificial CSF (ACSF) containing (in mM): 124 NaCl, 2.5 KCl, 2 CaCl 2 , 2 MgSO 4 , 25 NaHCO 3 , 1 NaH 2 PO 4 , and 10 glucose, pH 7.4. This ACSF was used throughout the experiment. Three coronal brain slices (300 m), after the corpus callosum meets and contains ACC, were cut using a vibratome (Leica VT 1000S). The slices were placed in a submerged recovery chamber with oxygenated (95% O 2 , 5% CO 2 ) ACSF at 26°C for at least 2 h.
Preparation of the multielectrode array. The multielectrode array (MEA) system used in the current study was MED64 (Panasonic). The procedures for preparation of the MED64 system were similar to those of Oka et al. (1999) . The MED64 probe (MED-P515A, 8 ϫ 8 array, interpolar distance 150 m, Panasonic) was superfused with ACSF at 28 -30°C and maintained at a 2-3 ml/min flow rate. One planar microelectrode with monopolar constant-current pulses (5-18 A, 0.2 ms) was used for stimulation of the ACC slice. The stimulation site was selected within the deep layer V region. Before use, the surface of the MED64 probe was treated with 0.1% polyethyleneimine (Sigma-Aldrich) in 25 mmol/L borate buffer, pH 8.4, overnight at room temperature.
Field potential recording in adult ACC slices. After 2 h recovery, one ACC slice was placed in a MED64 probe covering most of the 64 electrodes. The slice was allowed to recover for 1 h after transfer. Electrical stimulation was delivered to one channel located within the deep layer V of the ACC, and evoked fEPSPs were monitored and recorded from the other 63 channels. The intensity of the stimuli was ϳ60 -70% of the intensity that induced the maximal number of responding channels determined by the input-output curve. Baseline responses were evoked at 0.017 Hz for at least 30 min before 1 Hz stimulation was given for 15 min to induce LTD (total pulses, 900). All other lowfrequency stimulation (3, 5, and 10 Hz) protocols also gave 900 pulses. In most experiments, 4 -5 channels near the stimulation site were selected for data analysis due to its reliable LTD induction probability. The averaged value of those channels was counted as one sample. All of the data were averaged every 4 min except the data from experiments where (RS)-3,5-dihydroxyphenylglycine (DHPG) was applied. In those experiments, data were averaged every 2 min.
Drugs. Drugs were prepared as stock solutions for frozen aliquots at Ϫ20°C. 6-Cyano-7-nitroquinoxaline-2,3-dione (CNQX, 20 M), nimo- were used in the current study. Drugs used in Figure 6 were applied throughout the entire experiment. Others were infused during the period of the horizontal bar on the graphs. AP-5, nimodipine, MCPG, CNQX, chelerythrine chloride, KN 62, KT 5720 were purchased from Tocris Bioscience. DHPG, MPEP, and LY367385 were purchased from Abcam Biochemicals.
Western blot analysis. Two 500 m slices, prepared as for the electrophysiological experiments, were used per mouse and pooled data from two mice were counted as one sample. The ACC tissue was then inserted into e-tubes and placed in liquid nitrogen. The four dissected ACC regions were then homogenized in TEVP buffer (10 mM Tris-Cl, pH 7.4, 1 mM EDTA, 1 mM EGTA, 320 mM sucrose) containing PIC (protease inhibitor cocktail; Roche). Part of the homogenate was used as a total fraction, and the rest was centrifuged at 1000 ϫ g for 10 min for crude synaptosomal fractionation. The supernatant (S1 fraction) was centrifuged again at 10,000 ϫ g for 15 min. After the supernatant [cytosol (S2) fraction] was transferred, the pellet [synaptosomal membrane (P2) fraction] was resuspended in RIPA buffer (50 mM Tris-Cl, pH 7.6, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% SDS, 1 mM DTT, 0.5% sodium deoxycholate) containing PIC. Protein quantity for each fraction was determined by Bradford assay and then samples were heated at 95°C for 5 min in SDS-gel loading buffer [50 mM Tris-Cl, pH 6.8, 100 mM dithiothreitol, 2% (w/v) SDS, 0.1% bromophenol blue, 10% (v/v) glycerol]. For electrophoresis, equal amount of protein was loaded to 8% polyacrylamide gels. Separated proteins were then transferred onto nitrocellulose membrane at 4°C for 17 h. After 1 h blocking with 5% skim milk in Tris-buffered saline containing Tween 20 at room temperature, membranes were incubated in appropriate primary antibodies, mGluR1 (1: 1000, BD Biosciences) and actin (1:5000, SigmaAldrich), at 4°C overnight. HRP-conjugated secondary antibodies were applied for 1 h at room temperature after washing. Enhanced chemiluminescence (Millipore) was used for detection of the proteins. Images were acquired by ChemiDoc XRSϩ System (Bio-Rad) and the density of the blots was measured using the Image Lab program (Bio-Rad).
Biotinylation assay. Four slices (300 m) containing the ACC region from one mouse were counted as one sample. These were used for examining surface mGluR1 level using biotinylation assay. After 1 h recovery, slices were incubated with 1 mg/ml sulfo-NHS-SS-biotin (Thermo) in ice-cold ACSF for 45 min at 4°C. Then, slices were washed briefly with ice-cold ACSF and quenched by two 20 min washes at 4°C with 100 mM glycine in ice-cold ACSF. After brief wash in ice-cold TBS two times, the ACC region was dissected for crude synaptosomal fractionation. The P2 fraction was prepared with RIPA buffer containing PIC and protein phosphatase inhibitor cocktail followed by measurement of protein concentration using BCA protein assay (Thermo). Thirty microliters of NeutrAvidin agarose resin (Thermo) was washed three times with wash buffer (50 mM Tris-Cl, pH 7.6, 150 mM NaCl). The P2 lysate was incubated in washed beads for 3 h at 4°C followed by five washes with wash buffer. Finally, biotinylated proteins were eluted by incubation with SDS-gel loading buffer for 5 min at 95°C. Eluted proteins were used for Western blot analysis. Pan-cadherin antibody (Santa Cruz Biotechnology) was used for loading control. Surface mGluR1 level was normalized by total mGluR1 level.
Data analysis. MED64 Mobius was used for data acquisition and analysis. All data are presented as mean Ϯ SEM. The percentages of the fEPSP slopes were normalized by the averaged value of the baseline (15-30 min). The depression levels used in histograms are the averaged fEPSP slope value of the last 10 min of the experiment. We defined LTD in a channel if the response was depressed by at least 15% of baseline during this period. Statistical comparisons were made using the t test, one-way ANOVA, and Pearson product moment correlation test by SigmaPlot 11.0. Post hoc Bonferroni test was used for further comparison. If the data did not pass the equal variance test, one-way ANOVA was done in ranks and Dunn's method was used for post hoc test. In all cases, statistical significance was indicated by *p Ͻ 0.05, **p Ͻ 0.01, ***p Ͻ 0.001. 
Results

Spatial distribution of extracellular responses in the ACC
In the present study, a 64-channel multielectrode array, MED64, was used to record the spatial distribution of extracellular field responses in the ACC of adult mice. An ACC slice was placed on top of the 8 ϫ 8 square-shaped MED64 probe electrodes ( Fig.  1 A) . One channel that covered the deep layer V of ACC was chosen to stimulate the slice ( Fig. 1 B, yellow circle) . fEPSPs recorded from the remaining 63 channels were intensitydependent. This could be seen in a single channel (Channel 29) and throughout the remaining channels ( Fig. 1C-E) . Most reliable fEPSPs were observed at recording sites located within 450 m of stimulation site. The number of channels that show fEPSPs is also dependent on the intensity of the stimulation. In three mice (6 slices), we counted the number of channels generating a detectable fEPSP response over a stimulus intensity range varying from 5 to 18 A. We found that the number of responsive channels reached a maximum at 12 A with ϳ63% (on average, 40 of 63 channels) generating a detectable response (Fig. 1 F) . The effective intensity to induce 50% of the maximum number of channels (32%) was 7.4 A. In further experiments, we set the stimulus intensity (typically 8 or 9 A) to achieve a baseline response that was ϳ60 -70% of the maximum.
Glutamate-mediated synaptic transmission in the ACC
Previous electrophysiological experiments have demonstrated that postsynaptic transmission in layer II/III of adult ACC is mediated by glutamatergic AMPA and kainate receptors in both rats and mice (Wei et al., 1999; Wu et al., 2005a) . To confirm the pharmacological nature of fEPSPs, bath application of CNQX (20 M, 20 min), an AMPA/kainate receptor antagonist that effectively blocks fast synaptic transmission (Blake et al., 1988) , was used to determine whether these receptors were the major mediators of excitatory synaptic transmissions in all layers of ACC. After bath applying CNQX, all the fEPSPs in the ACC were blocked (Fig. 2 A) , indicating that fEPSPs recorded in every layer of ACC are mediated by glutamate acting on AMPA/kainate receptors. The time course of the effect of CNQX in a singlechannel example (Channel 29; Fig. 2 B) , the averaged fEPSPs of all activated 20 channels in a single slice (Fig. 2C ) and the average of three mice (n ϭ 3 slices/3 mice; Fig. 2 D) were identical. CNQX immediately blocked the responses, which started to partially recover 40 min after washout.
Cortical depression induced by low-frequency stimulation within the ACC network
There are several LTD-inducing protocols, such as low-frequency stimulation, pairing, spike-timing-dependent plasticity, and the application of chemicals . We chose the low-frequency stimulation protocol (1 Hz, 15 min) that has been used in various brain regions, such as hippocampus, visual cortex, and ACC (Dudek and Bear, 1992; Mulkey and Malenka, 1992; Kirkwood et al., 1993; Wei et al., 1999) . As shown in previous reports in rat ACC (Wei et al., 1999) , low-frequency stimulation also induces a long-lasting depression in the ACC of adult mice (Fig. 3 A, B) . However, not all activated channels underwent LTD. Therefore, the average value of fEPSP slope of the activated channels in one slice showed large variation (87 Ϯ 8% of baseline in the last 10 min of the experiment, 20 channels in 1 slice; Fig.  3C ). The 4 -6 activated channels surrounding the stimulation site showed the highest chance of undergoing reliable LTD (75 Ϯ 3%, n ϭ 5 slices/5 mice; Fig. 3D ).
The use of the MED64 enabled us to quantify the cortical depression in a temporospatial manner. This is an important advantage of this recording method because previous studies in synaptic plasticity generally selected a single neuron or population of neurons to record and thus could not determine the network characteristics by electrophysiology. We defined LTD in a channel if the response was depressed by at least 15% of baseline during the last 10 min of the recording. One simple way to display the extent of LTD is by connecting the channels exhibiting LTD on a grid representing the 8 ϫ 8 electrodes. The blue lines are the borderlines of the activated channels and the red lines are the borderlines for LTD-displaying channels for a single slice (Fig.  4 A) and the pooled data (n ϭ 6/6; Fig. 4 B) . The highest probability of observing LTD was in those channels surrounding the stimulation site. The surrounding channels in the layer II/III and V were also frequently exhibiting LTD. This could be observed by the most overlapped red region. We have also estimated the percentage of channels in these two categories. Not every activated channel went into LTD. During baseline, 30 Ϯ 3 of 63 channels (47 Ϯ 5%) were activated when giving 9 A and 13 Ϯ 1 (20 Ϯ 2%) channels exhibited LTD (t (10) ϭ 5.12, p Ͻ 0.001; t test).
Frequency dependence of the induction of ACC LTD
We next investigated the frequency dependence of LTD by delivering 900 pulses at 1, 3, 5, or 10 Hz. We compared the level of depression for the different induction frequencies (Fig. 5A-E) . Without giving any LTD-inducing protocol, "baseline" (101 Ϯ 1%, n ϭ 10 slices/8 mice, data not shown) showed stable response. Stimulation at 1 Hz for 15 min showed great depression (78 Ϯ 3%, n ϭ 8 slices/8 mice). Stimulation at 3 Hz for 5 min (88 Ϯ 5%, n ϭ 6 slices/6 mice) and at 5 Hz for 3 min (92 Ϯ 4%, n ϭ 7 slices/7 mice) also showed some depression but not as much as the 1 Hz protocol. However, no depression was observed with stimulation at 10 Hz for 1.5 min (103 Ϯ 4%, n ϭ 6 slices/6 mice) (F (4,32) ϭ 18.61, p Ͻ 0.001; one-way ANOVA in ranks with Dunn's post hoc; p Ͻ 0.05 for baseline vs 1 Hz). Therefore, we could conclude that 1 Hz is most reliable to induce LTD in the mice ACC.
We also counted the number of channels activated during baseline, and showed LTD (Fig. 5F ). All four groups had ϳ45% activated channels. Stimulation at 1 Hz showed the most LTDshowing channels (18 Ϯ 3%). Stimulation at 3 Hz (6 Ϯ 2%) and at 5 Hz (5 Ϯ 3%) showed fewer LTD-showing channels than 1 Hz. Stimulation at 10 Hz (1 Ϯ 1%) usually did not induce any LTD throughout the 63 channels (F (3,23) ϭ 15.38, p ϭ 0.002; one-way ANOVA in ranks with Dunn's post hoc; p Ͻ 0.05 for 1 Hz vs 5 and 10 Hz). Therefore, we could conclude that 1 Hz lowfrequency stimulation, out of the four frequencies examined, showed the most reliable depression. We also found strong linear correlation graph between depression level and number of LTD-showing channels from the above experiments. Figure 5G shows a strong positive correlation between the mean depression level and the percentage of channels displaying LTD (r (25) ϭ 0.85, p Ͻ 0.001; Pearson product moment).
Pharmacological aspects of ACC LTD
We next defined the glutamate receptor subtypes responsible for ACC LTD using pharmacological reagents. We used the NMDA receptor antagonist AP-5 (50 M), L-type voltage gated calcium channel (L-VGCC) blocker nimodipine (10 M), nonspecific mGluR blocker MCPG (500 M), the mGluR5 antagonist MPEP (10 M), and the mGluR1 antagonist LY367385 (100 M). We infused each drug for the entire experimental time (Fig.  6 A-G) . Control experiment with no drug showed LTD after 1 Hz, 15 min lowfrequency stimulation (78 Ϯ 2%, n ϭ 9 slices/9 mice). AP-5 partially blocked the depression (88 Ϯ 2%, n ϭ 7 slices/7 mice), whereas both nimodipine (95 Ϯ 3%, n ϭ 6 slices/6 mice) and MCPG (93 Ϯ 3%, n ϭ 6 slices/6 mice) blocked ACC LTD. MPEP did not affect LTD (77 Ϯ 2%, n ϭ 4 slices/4 mice). However, LY367385 effectively blocked LTD (96 Ϯ 2%, n ϭ 5 slices/5 mice) (F (5,31) ϭ 10.64, p Ͻ 0.01; one-way ANOVA with Bonferroni post hoc; p Ͻ 0.001 for control vs nimodipine, MCPG, and LY367385). These results suggest that L-VGCC and mGluR1 are important for the induction of lowfrequency-induced ACC LTD, while action of NMDA receptor also contributes to LTD in this region.
Altered ACC cortical depression after tail amputation
Recent studies show that cortical synaptic transmission undergoes long-term plastic changes after peripheral injury including amputation (Zhuo, 2008) . To examine possible changes in the ACC LTD in adult mice after injury, we used the tail-amputation model (Fig. 7A ). Slices were prepared at 2 weeks after amputation, a time where cortical changes have been reported previously (Wei et al., 1999) . Sham mice showed normal LTD (81 Ϯ 2%, n ϭ 7 slices/7 mice; Fig. 7B ). However, in the amputated mice, LTD was abolished (96 Ϯ 2%, n ϭ 9 slices/9 mice; Fig. 7C ). This result is consistent with the previous rat digit amputation study (Wei et al., 1999) . We also checked the spatial distribution of fEPSPs within the ACC after distal tail amputation and compared this with slices from sham mice (Fig. 7 D, E) . There was no difference between control and amputated group with respect to the number of channels exhibiting a synaptic response to test stimulation. Layer II/III and V channels were more consistently activated than layer VI channels in both cases. However, while half of the acti- vated channels in the control group underwent LTD, the amputated group rarely showed LTD throughout the channels.
Because the induction of ACC LTD is mGluR1-dependent, we next tested whether it was possible to induce LTD by pharmacological activation of mGluR1. To do this, we applied the group 1 mGluR agonist DHPG (100 M) together with MPEP (10 M) so that it selectively activated mGluR1. As expected, bath application of DHPG and MPEP induced a longlasting depression in sham mice (86 Ϯ 4%, n ϭ 7 slices/7 mice; Fig. 7F ). However, consistent with the loss of LTD induced by electrical stimulation following tail amputation, this treatment failed to induce LTD in the amputated model (99 Ϯ 3%, n ϭ 8 slices/8 mice; Fig. 7G ). Therefore, these results suggest that both low-frequency stimulation-induced LTD and chemical LTD are blocked throughout all the layers of ACC in the tailamputated mice. In both forms of LTD, mGluR1 was essential; thus, we selected this as the target for further experiments.
Rescuing ACC cortical depression after tail amputation
Our electrophysiology experiments showed that ACC LTD was mGluR1-dependent. One possible mechanism for the loss of LTD is reduced mGluR1 levels in amputated animals. To test this hypothesis, we performed Western blot analysis in the ACC to examine the effect of tail amputation on the expression level of mGluR1 (Fig. 8A) . We found no difference in the mGluR1 expression level between sham and amputation group in total, S2 fraction, and P2 fraction. To further examine the surface mGluR1 level in the ACC, we performed biotinylation assay (Fig. 8 B) . There was no difference in the surface mGluR1 level between sham and tail amputated group (sham, 100 Ϯ 5%; tail-amputated group, 98 Ϯ 5%; n ϭ 8 samples/ 8 mice).
In the hippocampus, there are reports that activation of mGluRs by DHPG has a priming effect on synaptic plasticity (so-called "metaplasticity"), especially on LTP (Abraham, 2008; Sajikumar and Korte, 2011) . We were therefore interested to see whether priming can influence the ability to induce LTD in the tail-amputation model. Thus, we applied low-frequency stimulation to the slices 50 min after the end of selective activation of mGluR1 by DHPG plus MPEP. While DHPG plus MPEP did not induce any long-lasting depression in slices of amputated mice, subsequent low-frequency stimulation (1 Hz, 15 min) produced significant depression of fEPSPs in a single example (Fig. 9A ) and in pooled data (72 Ϯ 5%, n ϭ 8 slices/8 mice; Fig. 9B ) that was similar to that observed in sham-treated mice. This result demonstrates that the impairment of ACC LTD caused by tail amputation can be rescued by priming with the selective activation of mGluR1.
Because high concentrations of DHPG produced chemical LTD in sham slices, we decided to further test the priming effects with a lower concentration of DHPG (Fig. 9C,D) . Priming with DHPG (20 M) and MPEP (10 M) did not produce any chemical depression in both sham and tail-amputated mice ACC slices. However, subsequent low-frequency stimulation induced LTD in both sham (77 Ϯ 6%, n ϭ 8 slices/8 mice) and amputated animals (75 Ϯ 5%, n ϭ 7 slices/7 mice).
Protein kinase C, but not Ca
2؉ /calmodulin-dependent protein kinase II or protein kinase A, is important in rescuing ACC LTD To determine the mechanism of the metaplastic rescue in the ACC LTD, we performed pharmacological experiments using different protein kinase inhibitors (Fig. 10A-E) . Protein kinase C (PKC) and Ca 2ϩ /calmodulin-dependent protein kinase II (CaMKII) are important in metaplasticity of LTP in the hippocampus Collingridge, 1998, 2000) . In addition, protein kinase A (PKA) is also implicated in hippocampal LTD and metaplasticity (Brandon et al., 1995; Qi et al., 1996; Oh et al., 2006; Abraham, 2008) . Coapplication of a PKC inhibitor chelerythrine (3 M) with DHPG (20 M) and MPEP (10 M) during the priming period prevented the rescue of LTD in the ACC slices of amputated mice (94 Ϯ 4%; n ϭ 9 slices/9 mice). By contrast, inhibiting CaMKII [KN 62 (10 M); 83 Ϯ 3%; n ϭ 9 slices/9 mice] or PKA [KT 5720 (1 M); 76 Ϯ 4%; n ϭ 9 slices/8 mice) failed to prevent the rescue (F (3,29) ϭ 4.70, p ϭ 0.009; one-way ANOVA with Bonferroni post hoc; p Ͻ 0.05 for vehicle vs chelerythrine). These results suggest that DHPG and MPEP priming can rescue the loss of LTD in the tail-amputated mice, and that PKC acts as a major factor in this process. ; n ϭ 9 slices/9 mice). B, NMDA receptor antagonist AP-5 (50 M) partially blocked LTD (88 Ϯ 2%; n ϭ 7 slices/7 mice). C, L-VGCC blocker nimodipine (10 M) blocked LTD (95 Ϯ 3%; n ϭ 6 slices/6 mice). D, Group I and II mGluR antagonist MCPG (500 M) also blocked LTD (93 Ϯ 3%; n ϭ 6 slices/6 mice). E, mGluR5 antagonist MPEP (10 M) had no effect on ACC LTD (77 Ϯ 2%; n ϭ 4 slices/4 mice). F, mGluR1 antagonist LY367385 (100 M) blocked LTD (96 Ϯ 2%; n ϭ 5 slices/5 mice). G, Summarized results of the averaged fEPSP slope of the last 10 min of each experiment (F (5,31) ϭ 10.64, p Ͻ 0.01; one-way ANOVA with Bonferroni post hoc; p Ͻ 0.001 for control vs nimodipine, MCPG, and LY367385).
Discussion
In this study we have demonstrated that low-frequency stimulation induces LTD in the adult mouse ACC, supporting the previous report in adult rat ACC (Wei et al., 1999) . Using an MEA system, we were able to show that LTD appeared in local circuits within the ACC when applying electrical stimulation to the deep layer V. The induction of LTD was frequencydependent, with the maximal depression induced by repetitive stimulation delivered at 1 Hz. Pharmacological experiments found that LTD required the activity of mGluR1 and L-VGCCs; while inhibiting NMDA receptors only partially reduced the induction of LTD. A chemical LTD, induced by the selective activation of mGluR1 (using coapplication of DHPG and MPEP), was also observed in the ACC. We found that tail amputation greatly impaired both lowfrequency stimulation-induced LTD and chemical LTD in the ACC. Priming ACC slices with bath application of pharmacolog- Figure 7 . Tail amputation impairs ACC LTD. A, The schematic view of tail amputation experiment process. B, The sham groups showed similar LTD as the control group (81 Ϯ 2%; n ϭ 7 slices/7 mice). C, The 2 week tail-amputated group showed impaired ACC LTD (96 Ϯ 2%; n ϭ 9 slices/9 mice). D, E, The spatial distribution of activated channels during baseline (blue) and the channels that underwent LTD (red). The spatial distribution of activated channels during baseline in sham and amputated model is similar. However, sham group shows a wider distribution of LTD-occurring channels compared with the tail-amputated group, which rarely shows LTD near the stimulation site. F, Sham showed normal chemical LTD by applying DHPG (100 M) and MPEP (10 M) for 20 min (86 Ϯ 4%; n ϭ 7 slices/7 mice). G, Twenty minutes after application of DHPG (100 M) and MPEP (10 M), the tail-amputated group showed no chemical LTD. ical agents to selectively activate mGluR1 rescued the loss of LTD by amputation. Activation of PKC was required in this metaplastic LTD rescue, but activation of neither CaMKII nor PKA was required. Our results demonstrate that activation of mGluR1 in the ACC is critical for LTD, and raise the possibility that drugs that act on mGluR1 and its downstream signaling processes may help to treat phantom pain or associated brain dysfunctions.
Mapping LTD in a cortical circuit MEA technology represents a valuable tool to record responses in numerous sites simultaneously for a long time (Oka et al., 1999; Morin et al., 2005; Hofmann and Bading, 2006) . We have used a 64-channel MEA system, MED64, in mouse brain slices to study the spatial distribution of synaptic transmission and LTD in the ACC. Within the ACC, we observed spatial distribution of excitatory synaptic transmission when stimulating deep layer V. This was the only area we could detect Ͼ20 channels with inward responses. Stimulating other areas, such as layer I or II/III, induced at most 10 channels of inward responses. Different responses to the test stimulation suggest that the synaptic responses we recorded are due to local synaptic networks, rather than general field responses from the same population of cells. Our results suggest, therefore, that certain local circuits in the brain slice preparation are intact. This conclusion is supported by a recent electrophysiological study using dual whole-cell patchclamp recording technique (Wu et al., 2009) . We can conclude, therefore, that neurons within different layers of the ACC are highly interconnected within the brain slice preparation. We found, however, that not every activated channel underwent LTD; the channels within a 300 m radius of the stimulation site were the most likely to exhibit this form of synaptic plasticity.
Mechanisms of ACC LTD
Two major forms of LTD have been reported in the CNS: NMDA receptor-LTD and mGluR-LTD . Both forms of LTD have been reported in the ACC, depending on the induction protocol. Field recording using low-frequency stimulation in adult rat ACC induced mGluR-LTD (Wei et al., 1999) , whereas whole-cell patch-clamp recording using a pairing protocol in adult mouse ACC induced NMDA receptor-LTD (Toyoda et al., 2005) . Depolarizing the postsynaptic neuron during the pairing protocol promotes the activation of NMDA receptor and this could increase the chance for NMDA receptor-LTD in the ACC. It is known that both NMDA receptor-LTD (Dudek and Bear, 1992) and mGluR-LTD (Bashir et al., 1993b) can be observed in the same type of synapse and may coexist at the same developmental stage (Oliet et al., 1997) . Our present study used single-shock low-frequency stimulation for LTD induction, and found that AP-5 only partially inhibited ACC LTD. The depression level of the quantified channels and the number of channels that underwent LTD in the presence of AP-5 were approximately half of those of the control group. However, the broad spectrum mGluR antagonist MCPG (Bashir et al., 1993a) blocked ACC LTD in terms of both the depression level and the number of channels showing LTD. These results suggest both NMDA receptors and mGluRs are involved in the ACC LTD in adult mice when repetitive low-frequency stimulation is given, but the latter have the more prominent role.
The role of group I mGluRs in synaptic plasticity has been extensively investigated in various regions of the brain. For example, at hippocampal CA1 synapses, DHPG-induced LTD involves mGluR5 (Palmer et al., 1997) , whereas LTD at parallel fiber to Purkinje cell synapses in the cerebellum requires mGluR1 (Conquet et al., 1994) . Our study suggests that mGluR1 is the major factor for lowfrequency stimulation-induced LTD in the ACC. Nimodipine also blocked low-frequency stimulation-induced LTD in the ACC. Our previous reports have already shown that L-VGCCs are important for both LTD (Wei et al., 1999) and LTP (Liauw et al., 2005) in adult rodent ACC. Calcium regulation is known to be important in synaptic plasticity and L-VGCCs provide one major route across the plasma membrane, where it is linked to gene expression West et al., 2001 ). In addition, activation of L-VGCCs has been shown to directly facilitate the function of group I mGluRs (Rae et al., 2000) . Therefore, it is not surprising to discover the role of L-VGCC in the ACC LTD, in particular one that also involves group I mGluRs.
Loss of cortical LTD after amputation
Cumulative animal and human studies demonstrate that the ACC, together with other related cortical areas, plays important roles in Figure 9 . Recovery of ACC LTD in tail-amputated mice by priming. A, B, DHPG (100 M) and MPEP (10 M) were given together during baseline for 20 min in the tail-amputated group. After washout for 50 min, low-frequency stimulation of 1 Hz for 15 min was given to induce LTD. A, Example of one channel in one slice. B, Summary data (n ϭ 8 slices/8 mice). Amputated mice showed no depression after DHPG plus MPEP (99 Ϯ 3%) but showed depression after low-frequency stimulation (72 Ϯ 5%; n ϭ 8 slices/8 mice). C, D, DHPG (20 M) and MPEP (10 M) were given together for 15 min in sham and tail-amputated groups. After washout for 15 min, low-frequency stimulation of 1 Hz for 15 min was given. C, Sham (77 Ϯ 6%; n ϭ 8 slices/8 mice) showed LTD after priming. D, Tail-amputated (75 Ϯ 5%; n ϭ 7 slices/7 mice) group also showed LTD. pain perception and chronic pain (Zhuo, 2008) . Peripheral injuries, such as nerve injury or inflammation, trigger synaptic potentiation in the ACC pyramidal cells. Both presynaptic enhancement of glutamate release and postsynaptic amplification of AMPA receptor-mediated responses contribute to the potentiation (Xu et al., 2008; Zhuo, 2008; Li et al., 2010) . For peripheral amputation, LTPlike potentiation has been reported in rats under anesthesia in vivo (Wei and Zhuo, 2001) . In an especially noteworthy development, in vivo intracellular recordings have demonstrated that LTP likely occurs on excitatory synapses of cortical pyramidal cells in the ACC (Wu et al., 2005c) . These studies provide a useful animal model for investigating cortical reorganization, long-term plastic changes within the cortex. Similar to previous studies in rats, our studies detected no LTD, induced by low-frequency stimulation, within the ACC after amputation (Wei et al., 1999) . Furthermore, we also observed a loss of LTD induced by the pharmacological activation of mGluR1 following amputation. In both sets of experiments we identified mGluR1 as the subtype involved. However, our biochemical data showed that the surface level of mGluR1 was not changed after amputation compared with the sham group, suggesting that amputation-triggered loss of LTD is not due to reduction of postsynaptic membrane levels of mGluR1. The modification may therefore be downstream of the receptor. Future studies are clearly needed to map this pathway. However, we cannot rule out the possibility of slight change of mGluR1 surface level in only some subset of ACC cells. This could have induced the major difference in ACC LTD of the amputated mice, but the changes of mGluR1 level cannot be detected by our biochemical experiments.
Rescued LTD by priming with mGluRs An unusual feature of group I mGluRs is their role in metaplasticity, where their activation can affect subsequent synaptic plasticity (Abraham, 2008) . For example, in the hippocampal formation, brief prior activation of group I mGluRs has been shown to facilitate LTP (Cohen et al., 1998) , to enable the induction of a pharmacologically distinct form of LTP (Bortolotto et al., 1994) , and to inhibit LTD (Wu et al., 2004) . Our data suggest that low-frequency stimulation-induced LTD in the ACC is more mGluR1-dependent than mGluR5-dependent. Although our biochemical data show no change in membrane expression level of mGluR1, stimulating mGluR1 could work as a rescue target in tail-amputated mice LTD by activating the downstream pathway or the slightly changed surface mGluR1 in some subset of cells. We therefore applied DHPG and MPEP together to selectively activate mGluR1 in the amputated group and subsequently applied low-frequency stimulation after washout of DHPG and MPEP. To our surprise, this treatment was able to fully restore LTD. Moreover, PKC was necessary in this metaplastic rescue. By contrast, neither CaMKII nor PKA is required. Consistent with previous studies in the hippocampus (Bortolotto and Collingridge, 2000) , PKC is required for metaplasticity of LTD in the ACC. Future studies are needed to identify the role of specific subtypes of PKC in this form of metaplasticity. In contrast to the metaplasticity of LTP in the hippocampus (Bortolotto and Collingridge, 1998) , we found CaMKII was not required for this form of metaplasticity in the ACC, though its inhibition did tend to reduce the level of priming. Moreover, a recent study showed in the hippocampus that CaMKII was important in mediating DHPG-induced mGluR-LTD but not PKC (Mockett et al., 2011) . These results indicate that intracellular mechanisms mediated by priming group I mGluR in LTD may be doserelated and region-dependent.
In summary, we have used an MEA approach to investigate the spatial distribution and the cortical circuitry involved in the mouse ACC and found that LTD was expressed in a networkdependent manner. Low-frequency stimulation-induced LTD in the ACC required the activation of both mGluR1 and L-VGCCs. In tail-amputated mice, LTD was greatly reduced in all the ACC layers, but could be fully rescued by the transient pharmacological activation of mGluR1 via a priming mechanism involving PKC. , and each specific drug were given together for 15 min in the tail-amputated mice. A, Vehicle group showed the rescue of LTD (77 Ϯ 3%; n ϭ 6 slices/6 mice). B, PKC inhibitor chelerythrine (3 M) prevented the rescue of LTD in tail-amputated group (94 Ϯ 4%; n ϭ 9 slices/9 mice). C, CaMKII inhibitor KN 62 (10 M) showed depression but less than that shown in vehicle group (83 Ϯ 3%; n ϭ 9 slices/9 mice). D, PKA inhibitor KT5720 (1 M) did not prevent the rescue of LTD (76 Ϯ 4%; n ϭ 9 slices/8 mice). E, Summary data of all the drugs tested in the current experiment (F (3,29) ϭ 4.70, p ϭ 0.009; one-way ANOVA with Bonferroni post hoc; p Ͻ 0.05 for vehicle vs chelerythrine).
